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ABSTRACT

An investigarion wax conducted o estimate the effectiveness of airbags as a function of velocity,
This study was conducted fn two parts: field data wilng NASS-CDS amd FARS and a computaiional
process using both occupant stmulations and CFD aivbag models interacting with computarional
human sirrogates. The field data indicates that airbogs are most effective at T velocities: lesy
than 40 kph and thar airbag effectiveness goes to zero of becomes negative as the velocity
increases for the unbelted occupant. The compritational models of occupant nteracting with an
wirbog indicates thar as the velocity of the occupant with respect 1o the airbag increases the
effectiveness of the airbag becomes very dependent on oceupant [nftiel conditions, trajectories and
deployment times, As the velocity of the occupant becomes higher, for the airbag o be effective. the
accupant motion has o be increasingly restricted; motion toward the cencer and perpendicalar 1o
the airbag. In addition, the airbag has 1o have deploved earlier, As a result ondy in limired
conditions. for example a righd barrfer FMVSE 208 like test, is the airbag effective in “high"
velociny impacis,
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INTRODUCTHON

On the surface, the effect of an airbag on an occupant during a vehicle crash may seem casy 1o
understand. The airbag system places an inflated cushion between the occupant and other
vehicle component. However, the airbag is a complex systemn m its nature and technology, which
does not always lend itsell’ 1o easy (if qualitative) categorization. It employs s high velocity
imjection of a gos into an unfolding airbag with continually evolving topology. Interactions with an
occupant can occur during or after deployment and‘or deflation. These interactions are ascociated
with the chaotic nature of the gas dynamics and the airbag unfolding during the deplavment
process, the pas dynamics of the deflation and the energy absorption process, and the
spacial-temporal effects entwined with the airbag history going from deployment to deflation - the
results are not always intitively obvious. Even if the propertics and characteristics of the
individual components and the pature of their interactions are reasonably well understood, the
collective behavior of the ensemble can still dely simple explanation spannmg the entre
operational space. Therefore, it may not be possible to predict the response of an oceupant in one
vehicle crash by knowing the response of an occupant in an another crash of the same type but with
different mitial conditions.

For example, il we consider 4 vehicle running perpendicular into a rigid barrier at 48 kph, o
FMVSS 208 test type, with an unbelted dummy interacting with a driver airbag. In general, the test
will imply n high degree of effectiveness for the airbag. However, cadaver test data from sled tests,
which mimic rigid barrier FMVSS 208 type. indicute that the airbag only restraint is significantly
better than seat belt and better than airbag and seat belt combined (Kent et al., 2001). The
imphicatton 15 that belts: degrade the performance of airbags and should not be wsed. This is
opposite 1o real world experience, which demonstrates that belts are significantly better than
airbags and that airbags and belts are the best option. Therefore, the effectiveness implied by the
test is potentially misleading, Changing the test type or adding additional rests may not help in
onderstanding or predicting the field.

Understanding effectiveness will have 1o come directly from feld data. Hawever, the effectiveness
is multidimensional in ils application. A subset of the significantly influencing fuctors, includes;
occupant size, weight, sex, seating location and age; impact direction and location; vehicle size,
mass, and structure; and vehiele velocity. Fundamental question on the enumeration of the
effectiveness of airbags anses as a result of this complexity and the multiplicity of influential
factors and their interactions. Consequently, perplexing features of the analysis landscape could
result in erroneous mterpretations, Care should be taken with the imerpretation of the field data
particularly when there is the possibility of co-factors and confounding factors. It may not be
pessible to get precise answers bul instead only general trends.

Airbags have been reported to be effective in preventing fatalities by many stucies, bul the
magnitude of these benefits varies preatly from study to study. The most recent studies on the
airbag effectivencss in preventing fatalities in frontal crashes report effectiveness values that ranpe
from 31 % (Kahane, 1996) to 16 % (Levitt et al,, 1999), Barry et al., (1999), considering also the
severity of the crash, concluded that the nirbag effectiveness is a decreasing function of the crash
severity and “that the greatest improvement in the number of lives occurs in low severity crashes,
with a 34 " reduction being the theoretical maximum™,

However, fatal accidents are rure und unrepresentative of the majority of raffic accidents. Crashes
with fatality account for only 0.5 % of all reported crashes and less than 2 % of reported crashes
with tnjury (NHTSA, 1998}, Determining research priority based only on fatal accidents can bias
the study to consider only the most catastrophic accidents at the expense of potentially more
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common crash iypes, which are disabling (serious and greater injuries) but not necessarily faal
This has been a neh area of iovestigation and mony study hove been published on the airbag
effectiveness in reducing serious and greater injuries to specific body regions. Many of these
studies indicate reductions in head and upper torso injuries among occupants in frontal crashes, but
the effect spans o wide range (NHTSA, 1999, Deery et al,, 1998, Langwieder et al., 1996, Pintar ¢l
al., 2000, Lund el al., |996) and there is no clear indications of the eMectiveness trend with respect
1o the severity of the crash.

The goal of this analysis will be mainly on one area: airbag effeciveness m reducing serious and
greater injuries in frontal impact with respect to the severity of the crash. This analysis will provide
effectiveness estimates of the driver-side picbag in reducing serious and greater imjuries in frontal
crashes as function of crash severity, while controlling for characteristics known to influenee the
imjury risk such as seat belt use, npe and sex of the driver, mass of the vehicles involved in the
crash,

THE BEHAVIOR OF AIRBAG EFFECTIVENESS

The “airbag cliectiveness” a5 used in this study and many similar studies is defined a3 the
reduction in probability of certain mode of Tmury (or futality) at a given severity with the presence
of the airbag, relative to that without the airbag. That 15;

Ffx)—P (x)

il E{x)=
) (x} o)

where E(x) is the airbag effectivencss under the given crash severity, & denotes crash severity
(e, velocity change), 7 (x) and P, (x)denote the probability of injury (or fatality) with and
without the airbag, respectively,

Bused on field nceident daty amolyvses, the airbag effectiveness as defined above decreases as the

severity iporeases, This may seem baffling, bul is quite reasonable afier some thoughts are given.
The lollowing discussion illustrates this,

To study the behavior of E(x). we may ke a look atits derivative:

PIX)P, (x) - PP, (x)

(2 E'lx)= -
1 {x) Pin)

The airbag effectivencss will decrease with an increase in & when its denivative i1s negative!
i1 PP (x)=P (x)P(x) < O

With this. we sec that the varistions of £{x) can be quite complex. and i depends heavily on the
behavior ol the risk functions and their denvatives.

Gitven this, it is still possible 1o discuss the general behavior of the airbag effectiveness based on
some general behavior of the risk functions and by examples. We start with the behavior of F, (x)

and £ (x). These are genemlly monotonically increasing functions of x, for the tvpe of physical

phenomenon they are representing (i.e., the more “severe” the crash event, consistently the higher
the injury probability), Secondly, at least conceptually (as opposed models), each of these starts
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from zero 8l some low crash severity (there is always crash low enough in severity that no injury
will result); and each reaches 100 % ol high enough severity. This is true even in the with-airbag
case, because even with the airbag, injury or fatality, will result when the ¢rash 1s simply 1o severe,
Figure | pives a schematic of this type of injury. probability function.

0.7 !

0.4 /
0.3 {
0.2 zero risk

DA Fs Va

lowar savarity higher severily
sevarity maasurs X

Figure |. Schemutic of the general form of risk function {with or without airbag).

Two characteristics of the airhag effectiveness function are quite straight forward, with the above
discussion:

) Airbae effectivencss will start from a finite pumber between zere and one
sufffciently fow severin.

tif) Airbag effectiveness witl drop to zero for suffictently high severity levels

This is because a1 sufficiently high severity, both with- and without-airhag cases have a risk of
100 %, Therefore, by definition, the effectivencss is zero. More characleristics of the airbag

effectiveness function can be explored by more assumptions regarding P (x) and P, (x). The first
assumptions are about the form of these risk functions, they are assumed (0 be of the form:

1
4] Pll=—,
: ¥ 1+ fle ™

where a > 0, and [} is such that it gives a near-zero P(x)with a small value of 5. This specific

form is often used in modeling the no injury versus injury type of binary classification of injury
risk.

fift) The effectiveness genvrally i3 a decreasing function from 100 % g0 0%, wihen
airbag stmply gives a pure shift in the risk curve.

A simple scenario of the effect of the airbag could be that it simply reduces the risk uniformly
across the entire severity range. Such an effect can be represented as:
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Pilx)= B, (x+4x),

where Av effective severily lowering effecl from the mirbag, Combining Equations 4 and 3, the
behavior of the effectiveness is oblained under these assumptions, and it is shown in Figure 2,

——

ek risk diference, or AR effectiveness

— effectivaness

- o adr bhacg
air bag
reduction

Figure 2. Example of effectiveness when airbag effect is o shift in sk curve,

fovi The effectiveness is v general o decreasimg function, from [N % 1o 0 %5, when

atrbag gives more reduction at lower severity ramge,

Such an effect can be modeled with a shift as that in (i), with an additional increase in a in
Equation 4. An example of this is given in Figure 3.

risk risk diffesence, or AB ¢

— eflactiveness

no air bag
air bag
reduotion

Figure 3. Example of elfectiveness when airhag effect isa shift in risk curve and

a lurger effect i the lower severnity rnge.
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v The effectiveness may assume o maximum in the middle of the severity range, and
eventually decreases towards (0 %, when airbeag gives more reduction at higher
Neveriiy rangd.,

Such an effect may be modeled similarly to that in (iv), but with a decrease in . An example of
this is given in Figure 4,

risk,risk difference, or AB effectiveness

Figure 4. Example of effectivencss when the nirhag effect is n shift in risk curve and
u larger effect in the higher severity ronge.

Instead of using the log-sigmoid nsk function form, another form that is the cumulative probability
of n normal distribution 1s also used. The behavior mentioned in (i), (iv), and (v) still holds.

In airhag effectiveness studies, ofien both the cases of serious injury and fatality are studied. If the
effect ol the sirbag under each condition is a pure shift (as shown in Figure 2; and the difference
hetween serfous injury cumulative probability curve and fatality cumulative probability curve is
also a pure shift (for with and without airbag cases), then the resulting airbag effectivencss curves
for sertous injury and fatality will also only differ by a pure shift. This is schematically depicied in
Figure 5,
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risk or AB sffactiveness

L| — serous no air bag
sarous with air bag
L - serious elfectivenass
— fatal no air bag
2 tatal with air bag

= = fatal effectiveness

Figure 5. Schematle illustration of shifi i airbag effectiveness carves between serous injury and
fwtality cases, when airbag gives o shift in the probabllity curve in each case.

Finally, in peneral, the true risk “curves” may not land themselves 10 a simple parametric
represeniation, and they may not be sufficiently smooth. In certmn severity ranges, for some
physical reasons, the risk with the airbag may even be higher than that without (in which case the
effectiveness will be negative),

To summanize, this discussion shows that in generdl, the airbag effectiveness is expected (o start
with a finite number and drop to zero, in the full range of erash severity normally of interest. The
behavior between these extremes can be guite complex, due 1o the way in which it is defined. It
depends on the relative magnitude of the two risk functions, and their functional form. In some
cases, negative effectiveness is possible, [t 1s the case when the airbag effectiveness curve exceeds
the no airhig effectiveness curve,

NON PARAMETRIC ESTIMATION OF AIRBAG EFFECTIVENESS USING
NASS

A NASS study of likelihood of driver serious imjury (AIS3+) in purely frontal crashes has been
conducted primarily to assess the ellectiveness of airbag in such impact mode. Airbngs have
demonstrated significant effectivencss in protecting occupant’s head during the frontal crashes
([Exhibit 1] NHTSA, 1999), This analysis focuses on the benefits airbag provides to head in terms
of reducing serious injuries and faalitics caused by head colliding with a hard surface at the
absence of airbag, This effectiveness measure is demonstrated as a function of impact velocity or
delta-V. This study aims to establish the injury trends among two sets of crashes in which the
direction of force is determined a8 12 O'clock or purely frontal: 1) when the airbag deployved during
the crush, and 2) when either the vehicle was not equipped with airbag, or the airbag did not deploy
(for crashes below the airbag deployment threshold or malfunction of the airhag trigpering
mechanism). In each of the above condition, additional restraint control is placed among the
ocoupanis seaf bell usape,

The analysis data is complled from 1993 1o 1999 NASS/CDS database. The stratified dota
frequency from this database with the assigned weighting factor for each record is used n order 1o
reflect national projections, This study examined the risk of AIS 3+ injury per 100 exposed drivers
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in 2 mph vélocity bins. To compare the results among different restraint modes, the data was
normalized. The “rates”, defined as the ratio of number of exposed drivers in a particular impact
velocity bin who sustuined serious injury by the total pumber of exposed drivers for the same
velocity bin, are obtained. Moving average technique has been applied to the totul observations for
cach impact velocity bin to compensate for the unavailability of data in certain velocity bins.

Results and Discussion

The focus of this study is the restraint use and its influential association with reduction in mjury
risk for drivers in frontal impacts. For the purpose of effectiveness measures of airbag for belled
drivers compared to unbelted drivers, the injury risk is examined separately for each of these
groups. Figure 6 shows the injury risk of drivers protected by airbag only, compared to the cases
when the driver is not protected by any type of restrains. The airbag lowers the risk ol serious
injury for unbelted drivers for low to mid range impact velocity up to about 25 mph, On the other
hand, for higher speeds, the airbag increases the risk of serious injury for drivers. Whereas, Figure
7 indicates that the injury rates are relatively lower at all impact velocities when the driver is
protected by airbag and belt combined compared to when protected by seat belt only. However. the
airbag effectiveness in protecting belted driver's head will reduce at high impact velocities,

MNASS 1993-1999

| ——RAG ONLY = = NOBAG-NOBELT |

B 10 12 14 16 18 20 22 24 25 28 30 32 34 36
Dolta-V (mph)

Figure 6. Influence of airbag on driver head injury - Unbelted
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NASS 1993-1989
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Figure 7. Influence of nirbag on driver head injury — Belted.

The effectiveness is computed using Equation 1. The computation is done separately for belted and
unbelted drivers. Figure 8 illusirates. that significant injury reducing potential of airbags for belted
drivers. The benefits of airbags for unbelted drivers are realized at low delta-V speeds and 1 starts
loosing its effectiveness and drops to minimal effectiveness around 25 mph, and actually 15 not
effective after that

MNASS 1003-1000

0.3 / Unbalted Drivers
0.2 4 EHectiveness

Effecliveness

0118 1 12 14 16 18 20 22 24

Dalta ¥ (mph)

Figure 8. Airhag effectiveness in injurious frontal erashes.
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LOGISTIC REGRESSION ANALYSIS USING NASS

The non-parametric analysis deseribed in the previous section provides an estimate of the airbag
effectiveness that has some limitmtions. The main limitation with the approach is that it can only
control the effeet of additional factors, such as age of the driver or mass of the vehicle, through
further data restriction, Thus, limiting the sample data and reducing the significance of the results,
unless a very large number of cases are available for the analysis which is not the case here.

In this section, a parametric {logistic regression) analysis will be performed using NASS-CDS data.
This approach allows control of both effects of confounder and modifier factors but, on the other
side (drawhack). it will assume o specific shape for the risk function. The assumed shape is an
approximation of a normal distribution which is considered the best approximation when the shape
is nod kniwn

Data and Method

The data were extructed from the NASS-CDS database for the calendar years 1993 through 1999,
The analysis was restricted to only frontal crashes since from previous studies (Barry et al., 1999,
Kahane, 1996) airbap eflectiveness has been demonstrated only for this crash mode. The more the
erash diverts fram the pure frontal impact the less effective the airbag will be, up to when it is not
effective m all (Kahane, 1996, Barry 1 al, 1999, We restrict our analysis to passenger cars of
model year lnter than 1988 because the body structure and the crash performance of old vehicles
could be oo different from that of newer vehicles: The data inclusion eriteria for this analysis
entailed being the driver of o car model vear later than 1988 ovolved in a frontal crash (direction
of force between |1 and | O'clock).

The effectiveness ol airbags in reducing serious injury was evalumed with the Abbrevinted Injury
Scale (AIS) The most severe injury sustained by an occupant is referred to as the Maximum
Abbreviated Injury Scale (MALS) score. The data were analyzed by applying the logistic regression
method, The outcome variable was o dichowmous variahle indicating whether the driver sustained
i serious injury (MALS = 3), or minor/ng injury (MAITS < 2),

A forward stepwise procedure was wsed for the medeling strategy. We consider the
following parameters for inclusion: driver's age, airbag deployment, safety belt use, severity of the
crish, mass mtio between the two wehicles mvolved in the crash (i.e. mass-ol-the-subject-
vehiele/mass-of-the-collision-pariner), and all the meaningful interaction terms between them, The
list of all the variables used and their levels are shown in Tahle 1. All the terms that retained
statistical significance were included in the final model and a summary of all the parameters
included m the model and their estimated values are shown in Table 2,
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Table 1. VARIABLES USED IN THE LOGISTIC REGRESSION ANALYSIS.

Variable Levals usad
10=18
16 =2t
Delin-\
21 =35
- =25
=26
Apa 25— 54
b3
Mot deployed | Nat nvadnbbe
Airbag B gL
Peployed
MNona | Not used
Seat Dalt —
Seal bl usad
<[E
Mass Ratio 0B-10
=1.0

Table 2. PARAMETER FATIMATES FOR THE LOGISTIC REGRESSION MODEL.
THE =" QPERATOR REPRESENTS AN INTERACTION,

Variabie Parameter Estimate
i | 24
[(Balta-v -0.06%8
Apa -0 4256
__.Pﬂau_ 30526
Semtgen o748
Mass Ratio 16542
Alrbag - Seaf Bed 0383 - - o |
Airtag - Dalta-y I -0.0704
Airtsag - Mazs Ratio -.7416
Detta-V | Mass Ratio -0 0414

Results

This study confirms that the probability of serious injury is an mereasing function of sge
{see Table 2) but, from a preliminary study, the airbag effectiveness was the same for every group
age.
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A significant difference in the effectiveness of nirbags for belted and unbelied drivers were
detected, The airbag was found more effective for belted than for unbelted drivers. Figures 9, 10,
and 11 show that the nirbag effectiveness Is a decreasing function of the crash severity and its
effect depends on the mass of the cars involved in the collision, In all figures, the effectiveness
function has been clipped at the zero value, In other words, an cffectiveness value of zero and
below has been plotied ns rero effectiveness.
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Figure 9. Airbag effectiveness in reducing setious injuries when the driver is travelling in the lighter vehicle
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Figure 10. Airbag effectiveness in reducing serious injunies when the two vehicles imvolved
in the crush are of similar mass,
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Figure ||, Alirbag effectiveness in reducing ferious injuries when the driver is mvelling
in the heavier vehicle.

Figure 9 shows that when the driver is traveling m the lighter car, with respect to the collision
partrier, the effectiveness of the airbag is decreasing but still positive for the range of crash
severity.

When the two cars involved in the frontal crash have approximately the same mass and the driver is
belted, the nirbag is ¢ffective in reducing serious injuries, at any crash severity, even if its effect is
almost pegligible for the most severe crashes. For unbelted drivers the airbag effectiveness is
strictly decreasing and positive only up to 22 mph, for more severe crashes the airbag does not
show any effectiveness (see Figure 10),

For unbelted drivers, traveling in a vehicle heavier than its collision parner, the airbag is never
effective (see Figure 11). For belted drivers the airbag shows a limited effect only at low speeds. It
seems that the effect of the moss is completely offsetting the airbag effectiveness.

Discussion

The arrbag was found more effective for belted than for unbelted drivers. This result does notagree
with the results reported in some previous studies based on FARS (Barry et al, 1999, Kahane,
1996) in which the airbag was found o be less effective for those already weaning 8 seat belt
Nevertheless “The consensus 1s that FARS does not necessarily contain accurate information ahout
the belt use of crash survivor, especially in recent years” (Partyka, 1988). More precisely, “the
quality of belt use data in FARS is only reliable as the quality of information from police accident
reports. Some states, such as California, do not even provide space for recording belt use. .. Also
in many cases in FARS, belt use is guessed at or taken from reports of those involved in crashes,
not from first hand observation by the police officer.™ (Evans, 1986,

Maoreover, In the Barry et ol (1999), study, the differentinl effect of the nirbag for belted and
unbelted drivers is not statistically significant. In fact, thiey write: *... o significant airbag and belt
use interaction was not detected in this study, this has been reported by previous studies and such
interaction might regsonably be expected. Thus it is possible that such interaction exists but current
FARS data are inadegunte to detect i,
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As shown o this study, it is rensonable that the airbag deplovment offers more protection when the
seal belt is in use. The main purpose of the airbag i to protect the head of the driver and this is not
feasible if the driver 1s sitting such that his‘her head is out of position. Unbelted occupants may be
out of position when the airbag deploys because of pre-crash braking or pre-crash mancuvers, and
as result they may be outside the protective envelope of the airbag or too close to it for optimal
protection. The seat belt forces the driver 1o be seated in a controlled position with respect to the
airbag module, so that the effectiveness of the airbag itself is maximized.

This analysis emphasizes the different effeot of airbugs across the seventy of crashes, The
statistical significance of the negative internction between delta-V oand airbag deployment gives
sapport 1o the proposition that airbag effectiveness decrenses as the crosh severity increases, This
resull could be analvtically proven the only possible trend of the #irbag eficctiveness as function of
the crash severity (see section “The Behavior of Airbag Effectiveness”). Moreover, a similar result
has already been presented in previous studies like Barry et al., (1999), and NHTSA, (2000}, based
on FARS data. A detailed discussion on the Barry et al, (1999), study is reported in the following
section,

Moreover, this study sugpesis that the airbag effectiveness declines gs the mass of the vehicle
increases with respect 1o the other vehicle involved in the crash. The same trend has been already
suggested for the scat belt effectivencss by Malliaris et al., (1995). In their study, Malliaris et al.
reported that the airbag deployment among old cars (NASS-CDS  1988-1992) is highly
non-umiform with réspect to the car mass. This implies that in older studies the airbag effectiveness
could not been estimated as function of the car mass. This is primarily due o the non-uniform
distribution of nirbag among the subject cars and 1o the small number of available cases.

AIRBAG EFFECTIVENESS ESTIMATION BASED ON FARS DATA

The study deseribed in this section is based on the work of Barry et al., (1999), This study includes
data from the LIS, FARS datubase for the vears 1991-1995 (inclusive). The analvsis was restricted
to pure frontil collisions of passenger vehicles. Only front seal passengers were considered in the
analysis. The data have been analvzed using conditional logistic regression. Barry et al,, (1999),
reported their estimation of airbag elfectivencss in lerms of probability of death in potential fatal

crashes P To wanslate the results presented in the paper in terms of crash severily is nol

straightforward, Following the rationale suggested by the authors we will estimate P with:

) Frv _ Fuaralities ‘

] MAIS 3+
3

Barry et al., (1999), consider their estimates of airbag effectiveness “overestimates relative to the
papulation of fatal crashes™. For this reason, a possible lower bound for the airbag effectiveness

curve will be introduced. An upper bound for P s needed to estimate for a lower bound for the
effectiveness. An upper bound for P can be estimated by one of the two following expressions:

Faralities
(8} =

1 MAIS 3+
4

ar
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) U = Fatalities _
: MAIS 4+

We estimated P, U, and U, using NASS-CDS (1995-1999) data. We denote by L, and L, the
effectiveness curves evaluated using U, and UV, respectively, For this data L, and L. showed 10
be very close to each other at every speed. More precisely, L, was slightly above [, for speeds

below 30 mph, they intersected at 30 mph and L, was slightly below L, for speeds above 30 mph.
A lower bound for the effectiveness has been defined as:

l”‘h Lh = ITHII'I{LHL-_-"

The estimated wirbag effectiveness and its lower bound for different values of deltn-V are showed
in Figure 12 It is important to emphasize that caution should be exercised in extrapolating airbag
effectiveness values from this plot. As already mentioned Barry et al, (1999), presented their
results (based on FARS data) in terms of “probability of death in & potential fatal crash”™, we
translated them in terms of crash severity wsing NASS-CDS data. This procedure is not
straightforward and this mmoplics that the estimation of Pr,l, could be subject to errors that wall

influence the decreasing mte of the effectiveness curve. In conclusion, Barry et al,, (1999), study
shows that in pure frontal impact, the arbug effectiveness in reducing fatalities reaches its
maximum of 31 % for very low severity crashes and 1t decreases as delta-Y Increases but its exac
decreasing rate cannol be estimated with high confidence.
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Figure 12, Revisit of the Australian National University study, Airbug effectivensss
in reducing Hnlities in pure ol collisions.

It is not easy to compare the effectiveness rale based on Barry et al., (1999), study with our analysis
(of the previous section) for two reasons. First, the Barry et al., (1999), study evaluated the airbag
effectiveness in preventing fatalities while we focused on the airbag cffectiveness in preventing
serious injuries. Thus, comparison between Figure 12 with any of our results shown in Figures 8, 9,
10, or 11 should be made in light of the discussion of Figure 5. Second, the lack of confidence in
the decreasing rate of the effectiveness curve plotted on Figure 12 prevents us from performing 4
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mare refined comparison of the effectiveness values. The statistically significant finding, of both
analyses, 15 the decreasing effectiveness of airbag (in preventing either fatalities or serious injuries)
as the crash speed is increasing,

NUMERICAL ANALYSIS - BAG AND BALL

Careful examination of the 12 O'¢lock frontal crash reveals that the crash typically has offset with
variable overlap frontal crash ares, implying that the accupant might nat be in the 208 position and
may be at an offset from the center of airbag 4t the time of impact. This study s trying 1o give an
insight or a possible explanation of the airbag effectiveness demonstrated in the Geld data by
numerical simulations of a simple model. With this simple model, we study the effects of impact
velocity, occupant offset and sitting positions on the wmirbag effectivencss, while requiring
reasonnble computer and manpower.

Muodel Setup

As schematically shown in Figure 13, the model has a folded airbag attached 10 the rigid plane, and
i freely moving rigid ball with mass of 3,67 kg to mimic 5 %tile female dommy’s head, The
coordinate system of the model is shown in Figure 13, The s-axis in the model is paralle] to the
longitudinal centerling of vehicle, the y-axis in the model parallel to the 1P, and the invisible z-axis
pointing toward the depicted cross section to form a right hand system. Three parameters are varied
in this analvsis, namely the hall initial velocity 1, the initial distance between the ball and the
airbag o and the ball horizontal offser from the center line of the airbag measured ns percentage as
{/r Here r is the mdius of the unfolded airbag. The initial velocity 1, represents the relative velocity
hetween the occupant head and the airhag. Gravity is not included in the model.

After internction with the airbag, the ball separates and travels with a constant velocity F* called
bounce back. Its ycomponent |} is called bounee back laternl velocity or simply lateral velocity
when there is no cause for confusion. The mtio I /17, indicates how last the nirhag pushes the
ball o the side, and how hard it may strike the vehicle's left side structurcs. Hence, the ratio
V27 ¥y may be used as a surrogate to airbag effectiveness. Increase in the ratio )/ 7, translates
to a reduction i the nirbag effectiveness. For 1)/ 17, > |, the nirbag may pose more risk than
protection,

Thus, we study the trends of the ratio l* {1, as a function of the initial velocity, the distance o,

and the offset /v, Noting that all other parameters such as airbag geometry, inflotor characteristics,
material propertics. contact parameters, etc. mre maimained unchanged.
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Figure 13, Schematic of the model setup for the mumerical study.
Approach

Two difterent commercinl software namely TNO Madymo and MSC Dytran are used for the
numencal simulations. In Madymo simulations, the gas inside the airbag 1s treated as uniform in
space, i.e. the (luid thermal properties such as pressure and temperature are everywhere the same.
They are onlv function of time,

In Dytran simulations, Computational Fluid Dynamics (CFD) modeling of the airbag 1s used, ie.
the fluid velocity and thermal properties are not only functions of time ¢, but also functions of space
(x, ¥ z). The CFD computational domain which covers the unfolding of the airbag during
deployment is modeled with a uniform grid of Ax = 0,01 m, Ay = Az = 0L02 m for a total of 49000
celis, The inflator is modeled as a ring in the bottom of the airbag attached to the support with an
loner and outeér radii of 0L037 moand 0,05 m., respectively The inflow in the inflator is in the
xedirection,

In both modeling, the airbag self-contact with penalty methods is used. The self-conlact parameters
for the nirbag are carcfully controlled to minimize self-penetration. The contacts between the hag
and the ball, and the bag and ngid plane are also defined. Since Dytran mnd Madymo use different
wput for contact parameters, on alternatve method was déveloped s & starting point for the
comparison, We used the Dyiran uniform pressure model 1w match the Madymo results in one
baseline simulation by varving the contact parameter between the bag and nigid parts. The comact
purameters ore then muntnned and we proceeded by varying the iniital velocity 1, the initial
distance of the ball o, and the horizontal offset i

Results and Discussion

Figure 14 shows snapshots of the simulation for the case with a ball initial veloeity of 10 mph,
inttial distance of 10 em, and 30 % initial hodeontal offset from the airbag centerline. It clearly
demonstrates that the airbag pushes the ball sidewavs in the positive y=ditection, This s primarily
due (o the initial offset of the ball.
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Figure 14. Snapshots of the ball snd airbog interaction simulated with CTT
modeling of alrbag 5t different times.

Figure 15 shows the variation of the lateral velocities, relative to the initial velocity, as a function
of mitial velocity with fixed 30 % offset and initial distances of 20 and 30 em for both uniform
pressure and CFD modeling. For the initial distance of 20 cm, the CFD gives higher prediction than
the uniform pressure model, while the results are very comparable for the initial distance of 30 em.
All curves show that the lateral velocity increases with the initial velocity, which implies that the
nirbag effectiveness reduce as the impact velocity increases. For a given initial velocity, the lateral
velocity decreases as the initial distance increases, which implies that the farther from the arbag
the occupant is, the betier off he'she 15,

Figure 15 also shows the results for the initial distance of 10 cm for the uniform pressure model. As
noted earlier, the closer we get 10 the airbag, the higher the difference between CFD and uniform
pressure modeling, In this case, that would have rendered the plot out of scale. Note that this
difference between CFD and uniform pressure modeling is purely in magnitude. the other
characteristics being of similar trends, The drop in the initinl distance of 10 cm after about 15 mph
is quite expected since there is a finite amount of energy in the airbag. Similar behavior would be
expected for the injtial distnces of 20 and 30 cm at higher delto-V,
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Figure 15 The comparsson of latern] velooity relative to the imitial veloeity,
The bull has 30 %, initial offsets from the centerling of the airbag.

Figure 16a shows the lateral velocities refative to the mitial velovity as functions of initial velocity
for fixed initial distance of 20 cm and varied offsets predicted with the wniform pressure model.
Figure I6b shows similar results from the CFD modeling. The two modeling techmgues give
similar trends with higher values for the CFD modeling. Both figures show that the ratio of the
lateral velocity to the initial velocity increases as the initial velocity increases. This ratio exceeds
104 % ot lagh velocities and offsets, The figures also show that, ot a fixed nitinl velocity, the
laternl velocity increpses as the offset increases. This indicates that the airbag elfectiveness might
reduce as the offsel mereases. In summary, the ratio of lateral velocity o the initial velacity
inereases as the inftial velocity increases, the initial distance decreases, and as the mitial offset
increases. This implics that the airbag is more effective when the occupant sits further away from
the airbag, when the occupant is more inling with airbag (less lateral offset), and when the impact
velocity is lower.
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CONCLUSIONS
I, Alirbag effectiveness for AIS3+ fraom NASS duta

A. For unbelted drivers, the airbag has maximum effectiveness in the low velocity range
below 20 mph and loses its effectivencss at about 25 mph with the possibility of negative
cifcctiveness.

B. For belied drivers, the arbag has maximum effectiveness in the low velocity range below
27 mph and its effectiveness reduces for higher delta-V.

[ 2%

Aldrbag effectiveness for [atality from FARS data: For the combined front seated belted and
unbelted occupants, the airbag has maximum effectiveness in the low velocity range up to
25-30 mph with reduced effectiveness above that and a possibility of negative effectivencss
sround 3543 mph,

3. We have alsa shown, based on our numerical analysis of the ball-bag model that the
effectiveness ol airbag is very dependent on occupant sitting position, e.g. initial distance and
offset, as well s the initin] veloeity, For the airbag to be effective at higher crash velocity: 1)
airbag should deploy early in the crnsh, 2) the occupam should be more inline with the airbag,
Thus, only in limited conditions, Tor example a rigid bartier MVSS 208 like test, is the pirhag
effective in “high™ velocity impacts. In addition, the restriction of occupant motion during the
crash imposed by restraings other than airbag, e.g. seat belt, can reduce the risk of the airbag
and resull in more ¢ffoctiveness of the airhag.
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DISCUSSION

PAPER: Airbag Effectiveness as a Function of Velocity
PRESENTER: Guy Nusholtz, Daimler Chryster

QUESTION - Bichard Kenp, £7VA

A guick question since | know it is almost lunch time here. 115 a very interesting result. First,
| notice you have an effectiveness still positive down at 8 miles per hour from the NASS data
which | think is below most airbag fidng thresholds, And | am wondering what that says, that
looked like thal effectiveness would stay positive even at lower velocities, il wasn't even gelling
close to zero. | wondered if you could comment on thit and whiat that means?

ANSWER: Okav. Let me commenl on that ond what that means. There are some, there e a
number of cases in NASS which go down below 8, so that data does exist, Basically, below 10 is
not statistically significant. And the reason that you have that drop is because of a process that we
use to develop it So, you might say, well, really you can’t look at below 10 miles an hour
although 1t is consistent with the data. So 1 would agree that the lower end of that may not be
stanstically relevant. even though it followed the trend that we saw from the rest of the dow,

() | mean it's mot a populoer thing to say this, but maybe very low finng threshold would be okay,
Your effectiveness was stll fairly high and, in fact, that might get you out earlier at the higher
velocitics and also help you there?

A: That's absolutely correct.

;. One other comment that | thought was interesting.  You have o pegative effectiveness of 30
midles an hour which is 208, 1 was wondering if vou would comment on that. A vehicle would nol
do better than 208 without an airbag. Can you just comment on that?

Ar | think the basic comment i3 in the 208 condition based on the model analysis we have the
girhag is effective. | would expect if you were to crash in 208 if you went into a rigid concrete
barrer and you were sitting in the 208 position, you weren't off to the side then the airbag would
he effective of that time. But most people do not sit in the 208 position, there isn't a waming in the
car that savs please assume the 208 position.  And there could be offset, that's why we pursued the
model. 17 you look at the test data from 208 or g lot of the other things it looks like the wirbag
should be very effective: You should be eliminating all the deaths @t 30 nuiles an hour, yet we
don't. The other clue 1o that, if you look at the angle test vou can’t find that the arrbag 15 effective
on the angle test or any of the angle data that you're getting. That really Joses effectiveness once
vou go off of 12 o'clock.

©: Sodoesn't that mean we need to move on, move further into the offset testing?
A: Absolutely not. |t means you've got the wrong approach in forcing the development of airbaps,
Q: Erik Takhounts, NHTSA

Have vou tried to look using your modeling at the pirbag aggressivity with Delta V| increased
aggressivity so that by the tme of contact the airbag is Tully deployed and vou see what happens at

that time? Becouse when you increase Delta V' nirbag yvouo have o shorter tme with dumimies or
whitever, a person is traveling and the airbag is sl deploying,

Ar Okay, | think | know what your guestion is, but | am not sure, 1"l give you an answer and you
can tell me whether | answered your question or not or whether | answered Ssome thing completely
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different.  There are two competing factors. One is 18 vou increase the severity of the crash the
airbag will fire a lintle earlier. But the other competing Factor is the occupant will move farther. So
as you have a very severe crash, if you get the airbag out in 10 milliseconds you might be ahle to
et the bag in place before the ocoupant geis o a position where it makes contact, However, if the
mirbag fires later then the oocipant will move into what we would call the deplovment zone ond
then vou lose the effectiveness on the girbag.

The guestion which § didn’t present but we've done this study, does the effectivencss zone
move closer to the occupant faster than the airbag gets out? And it looks like it does, because you
can't get the airbag in place in time at the higher velocities so you lose a little bit of effectiveness.

(): Another question is have you looked at the injury shift with increased Delta V? Suppose there
15 a neck fngury and with increased Delta V there could be head injuries, Have you looked at tha'

Az We looked at it only in teérms of we've done & lot of work looking solely at head injuries.
Because when we did the initial study that we did we only saw that there was a big effectiveness of
the head. We couldn't find a lot of effectivencss in any other arcas. So we chose to focus on the
head becanse that's where the result should come out 5o earlier we just looked at it we saw that the
head injuries were being reduced that's where we'd see where the effiect is and that's the only thing
we looked at,

Q: Michae! Griffiths: Richr Sire Solurions, Australia

| am puzzled how you got velocity data out of the Australian fatal accident reporting system
because it 15 just the police reports from cach state forwarded into a centeal register. And as far s |
am pware the only velocity data they'd have is the speed zone in which the erash occumed. And
the second thing is, =9 10 *95 there were very few airbags around Ausiralia,

Az Yes, but we're using NASS data, The Australian data was done on FARS 50 it's not Australion
data, it's done¢ on the FARS. What was reported in the paper is risk of injury and airbag versus
sirbag effectiveness, so not velocity. What we did is we took that risk in using the NASS data
assuming that would be an appropriate risk model and mapped that risk back to veloeity. So we
took what was published and caleulated out what should be the effective veloeity given that risk.
There's all sorts of mathematical irregularities with doing that and particular problems which could
be identified but that was the only way to get a velocity data out of the FARS.

145



